A frequent task undertaken by quality-control personnel in typical consumer-goods factories is the measurement of the viscosity of liquid products. The problem often faced in this task is how to strike the correct balance between the complete rheological characterisation of the non-Newtonian properties of the liquid of interestwhich requires expensive, sophisticated equipment and can be quite time-consuming -and the dictates of production pressures that demand, as near as possible, an instant decision, and one usually based on a single number. Here we consider the rheological issues that arise in such a debate, which is aimed at finding what adequate characterisation would require.
INTRODUCTION
A frequent task undertaken by quality-control personnel in typical consumer-goods factories is the measurement of the viscosity of liquid products. Specific examples range from the home and personal care, through the paint, to the food sector, et al. Although measuring viscosity is often assumed to be an easy task, making use of apparently simple instruments, the situation can, in fact, be quite complicated where non-Newtonian liquids are involved -which is more often than not the case for typical products such as suspensions, emulsions, etc. The problem often faced is how to strike the correct balance between the complete characterisation of the non-Newtonian properties of the liquid of interest -which requires expensive, sophisticated equipment and can be quite time-consumingand the dictates of production pressures that demand -as near as possible -an instant decision, and one usually based on a single number. Here we consider the rheological issues that arise in such a debate, which is aimed at finding what adequate characterisation would require.
We will investigate the implications of liquids products being non-Newtonian for two of the most commonly encountered viscometers in factory quality laboratories, i.e. the simple 'dip-in' rotating spindle viscometer of the Brookfield type (with its different forms and many imitations) and the more sophisticated concentric-cylindertype device typified by the Haake Rotovisco VT 550 range. Each is capable of giving a single-number answer for viscosity, but the implications of understanding this single number are different in each case, with the dip-in viscometer being in an infinite sea of liquid and the concentric-cylinder situation being narrow gap. But when is an infinite sea effectively 'infinite' and when is a concentric-cylinder geometry really 'narrow gap'?
THE DIP-IN AND LABORATORY VISCOMETERS
Even the simplest dip-in type of viscometer is better than many other ostensibly 'simple' viscometers such as flow cups and rolling-or fallingball viscometers [1] or even the on-line vibrating-reed systems [2] . In these other kinds of viscometer, deformations other than simple shear are often important, such as inertia and extensional flow, and very often the flows are not really steady state as far as an element of fluid is concerned. On the other hand, in these simple dip-in rotational viscometers, no other rheological parameters other than shear viscosity are normally involved.
THE BROOKFIELD DIP-IN VISCOMETER
No-one thinks of simple dip-in viscometers without the name 'Brookfield' springing immediately to mind. Brookfield Engineering Laboratories (based in Middleboro, Massachusetts, USA) is the world's leading manufacturer of viscometers. The company has sold over 100,00 instruments in its 65-year history, dominating the low-cost, high-volume, value-for-money viscometer market (or as someone has quipped -rheology for the masses!) through its 100-plus dealerships around the world.
A typical comment on the use of the almost ubiquitous Brookfield viscometer is that of Laba [3] , has said of the large and profitable Cosmetics and Toiletries sector, 'The viscometer most widely used in this industry is typically called a Brookfield, after the company that manufactures it'. In many cases, as far as viscosity is concerned, the Brookfield is to the quality-control laboratory what the Hoover is to the home.
Most of the viscometers that Brookfield sell are still based on the original, simple concept worked out by the founder of the company, Donald Brookfield, who manufactured the first-ever commercial rotational viscometer suitable for factories. He devised an instrument based on a synchronous motor driving a spindle through a calibrated spring. The deflection of the spring is registered by a pointer on a scale rotating with the drive mechanism. The spindle is dipped into the liquid to be tested -contained typically in a 600 ml beaker -and the motor is switched on. When the reading is steady, a hand-actuated clutch arrangement disengages the drive and stops the rotating scale. The position of the locked pointer can then be read off easily. The speed and the type of spindle are chosen for any particular liquid in order to give a sensible midpoint reading of around 50% for the pointer on the torque scale which is calibrated from 0 -100%, but best used in the range 10 -100%. The rotational speeds, N, are set by turning a knob and are spaced more-or-less logarithmically, typically as 0.5, 1, 2.5, 5, 10, 20, 50 and 100 rpm. The spindles range from short or long cylinders, through discs to simple cross-bars; Fig. 1 shows a typical selection of spindles. Look-up tables are provided so that the viscosity can be calculated from the scale reading for each speed/spindle combination. The viscosity so determined is the Equivalent Newtonian Viscosity (ENV), i.e. the value obtained as if the liquid being tested is Newtonian. The liquid to be tested should ideally be brought to the test temperature by placing the liquid container in a water bath.
The spindles available with the viscometer are typically a set of discs attached to a rotating shaft, see Fig. 1 . The exceptions in the RV range are spindle 7 -for very high viscosities -which is just the shaft with no disc, and spindle number 1 -for very low viscosities -which is a combined disc-cylinder shaped rotor on the normal shaft. The diameter of the discs were obviously chosen so that the Equivalent Newtonian Viscosity calculated for a 100% torque scale reading at typical rotational speeds are round figures in mPas (or cP in the good old days!), see Tab. 1. Then for any liquid, the ENV can be easily calculated from the scale reading, and quoted as the ENV measured at particular rpm and RV spindle number.
When the material being measured is very thixotropic, or where it would not easily flow in to cover an immersed spindle, a geometry called the so-called Tbar geometry is used in conjunction with the so-called heli-path drive, see Fig. 2 . This arrangement results in a spindle with a small bar through it to be slowly 'screwed down' into the sample, as well as rotating. This ensures that fresh material is encountered, and also that the element is fully immersed in the test material, see for instance [4] . This is beyond the scope of this study, but it is a very interesting rheological problem in its own right.
The original dip-in viscometer was a simple mechanical device, and is still available, (now called the Dial Reading Viscometer), with typical twenty-year-old examples of this type of instrument -then called the Synchro-Lectric -still being used regularly in industry. However the viscometer range has been considerably developed over the years, and is now available in various electronic versions, so that an increased number of speeds can be set and readings made electronically either by key pads or from computers. In the latest version, 10 test programs can be stored, each of which may have up to 25 steps (Fig. 3) . Once started, the viscometer will run the test at any desired speed or temperature, and print the results or store them on a personal computer.
However, in spite of the extra sophistication of these new electronic models, the same basic procedure is adopted, and the electronic readout now registers the ENV in mPas (or cP) but now without any calculations being necessary or lookup tables having to be referred to. Attachments are available so that a more rheologically acceptable concentric-cylinder geometry can be used instead of the simple spindle, but these are not very popular for quality control purposes given the increased difficulty of mounting the sample and subsequent cleaning.
The Brookfield-type viscometer has proved very popular with a wide range of industries given its low cost and its simplicity of operation, and also its ease of cleaning the spindle and changing samples. A number of other companies have copied this simple viscometer, even those such as Haake that make more advanced viscometers since the market is so large for this kind of instrument. Such is the dominance of these simple viscometers that many international and national standards for viscosity measurement are defined by the 'Brookfield' viscosity, e.g. ISO and many ASTM and for instance German standards (e.g. ASTM D789, D1084, D1638, D1824, D1986, D2196, D2393, D2669, D2849, D2983, D4016, D4287, D4402, D51398, NF T 30029, T 51120, T 60152, T 76102, DIN 51398, ISO 2555).
One of the great -but little appreciatedadvantages of a dip-in type viscometer is that there is no problem with particles being too big for the small gaps normally found in concentriccylinder viscometers, see [5] . Of course, there might still be an effective slip at the wall because of depletion effects, [6] . For this reason the vanetype geometry is now being introduced by Brookfield (Neil Cunningham, personal communication).
Similarly, this kind of dip-in arrangement means that introducing the spindle into the sample minimises the amount of disturbance, which compares with the opposite situation when the sample has to be introduced into a concentriccylinder geometry, and then a considerable amount of shearing takes place. This factor is of course only important if the structure needs to be protected to carry out low-shear rate tests. If high shear rate tests are to be carried out on a thixotropic sample, then any pre-shearing can be an advantage.
The great disadvantage of the dip-in type viscometer is that the shear rate varies throughout the liquid being tested, dropping off from a maximum value at the rotating spindle. In fact what really happens is that the shear stress falls off as the inverse of the distance from the centre of rotation for cylinders (but not for the often-used discs), and the resultant shear rate falls off in a way that depends on the form of the flow curve. At least knowing this, we can make progress in obtaining relatively simple equations relating the readings to simple flow models such as the power law. Walters has commented that 'the Brookfield device is very easy to use, but the interpretation of the experimental results … is far from easy', [7] . Unfortunately, few quality-control operators are in any way aware of the implications behind these statements! As far as typical sales are concerned, one dipin type Brookfield viscometer is sold every working day in the UK, and of this, one a week would be a simple dial version.
Approximate range of shear rates
The maximum shear rate encountered with the Brookfield spindles is at the edge of the rotating disc or cylinder, which, simply comparing it with a long cylinder of the same diameter, will be 2w/n, where w is the angular velocity in rad/s and n is the power-law index. Since w = 2pf/60, where f is the rotation rate in revolutions per minute (rpm) displayed on the Brookfield viscometer and f varies from 0.5 to 100 rpm, the Newtonian shear rate (n = 1) varies from about 0.1 to 20 s -1 (since 4p/60 ~ 0.2). This is quite low for laboratory viscometers, which can often produce shear rates up to 1000 s -1 . A typical example of results obtained from the Brookfield viscometer in this shear rate range (~0.5 -20 s -1 ) can be found in [8] , who supplemented this with data from other viscometers and eventually covered the range from 1 -10,000 s -1 .
It is useful, if a single value is used, that it should be chosen so as to be relevant to the product usage, and not just for ease of measurement. So for instance, if the product is to be poured, then a single shear rate in the range 10 -100 s -1 might be relevant. However, a straw poll of personal-care factory usage using Brookfield viscometers shows that typical shear rates are more likely to be in the 1 -10 s -1 range, i.e. RV spindles 3 or 4 at speeds of 5 -20 rpm.
THE HAAKE CONCENTRIC-CYLINDER LABORA-TORY VISCOMETER
Where dip-in viscometers are thought to be inappropriate, then viscometers with better-defined shear rates are utilised. In this context, one of the best-known companies that provide world-wide coverage is the Haake company (now properly called Thermo-Haake, and based at Karlsruhe in Germany, see their website at www.haake.de/about.htm). The Haake company is best known for its post-war developments of laboratory viscometers based on concentriccylinder geometries. The viscometers are now sold world-wide via a network of over 100 agents or direct subsidiaries.
However, for commercial reasons Haake also manufacture a simple dip-in device -ViscoTesters VT6 and 7 (Fig. 4) -similar to the Brookfield simple viscometer, and they claim that their 'results are 100% compatible to the Brookfield method'. This latter statement of theirs further proves the credibility gained by Brookfield, which for the general consumer goods market is the equivalent to the status of the Fann viscometer in the oil industry where it is used for fuels, cements, drilling muds, etc (see www.fann.com). Their standard laboratory device is the ViscoTester 550 which Haake's promotional literature claims is 'a rotational viscometer for sophisticated and automated quality control giving absolute viscosity data at defined shear rates and accurate temperature control … suitable for the complete characterization of Newtonian and non-Newtonian fluids including the measurement of yield points or thixotropy'. The built-in display shows all the relevant results and with suitable software one can plot the flow-curve. Haake -who were paid the high compliment by the erstwhile viscometer guru Professor van Wazer of the USA of being 'the most versatile general-purpose viscometer' on the market at that time -still, as far as many industrial users are concerned, provide a very good all-round laboratory instrument, see [9] .
FLOW CURVES -PLOTS OR DOTS?
Before we begin making observations about particular viscometers, we need first to consider the type of liquids that are measured in factories. Newtonian liquids such as simple water-based solutions -such as low molecular weight solutes up to sugars -and oils have single-valued viscosities that are only functions of temperature and pressure, with the latter dependence only becoming significant at pressures around 1000 atmospheres. Their measurement therefore is quite easy as long as the temperature is carefully controlled. The temperature dependence of water-based liquids is usually such that to measure to an accuracy of ±1%, then the temperature has to be controlled to ± 0.3˚C.
However, few liquids in the home and personal care, paints or liquid food range are ever simply Newtonian, since the presence of particles, droplets or polymers will ensure at least some degree of non-Newtonian behaviour. The most common type of behaviour is shear thinning, i.e. the reduction of viscosity as the imposed shear rate or shear stress is increased. This takes the form of leaving a high-viscosity asymptote at low-enough shear rate, and decreasing further towards a low-viscosity asymptote at a highenough shear rate. Typical examples are shown in Fig. 5 , where we see that the position on the viscosity/shear-rate field is different for them all, but the overall shape is quite general if taken over a wide enough shear-rate range, i.e. ~ 10 -6 -10 4 s -1 . Different parts of the flow curve are important for different reasons, for instance the physical stability of typical structured liquids is related to by the viscosity at very low shear rates, say 10 -6 s -1 . The perception of 'thickness' in use is related to the viscosity in the 1 -100 s -1 range of shear rates. Then the 'creaminess' of products being rubbed onto the skin is initially controlled by the viscosity at very high shear rates such as 10 4 s -1 .
Of course to encompass the entire flow curve, we need the most sophisticated kind of viscometer that can access the lowest and highest range of shear rate. If we only have a limited range of shear rate available, then only part of the curve is seen. Depending on the particular liquid product being tested, this can be either the low, medium or high shear rate part of the general behaviour, see Fig. 5 . If we are further restricted to only one-point measurement as in a singlespeed determination, then we see that our knowledge of the flow curve is very limited. For this reason we need to assess the general singlepoint determination type of test used in quality control.
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HOW MANY POINTS?
Whereas for a given temperature and pressure, a Newtonian liquid has a single viscosity, the simplest non-Newtonian descriptions of a liquid have (at a minimum) two parameters. The two most well-known two-parameter models are the power law and the Bingham plastic, with equa-
where s is the shear stress, g · the shear rate, k and n are the consistency and power-law index of the power law model, and s o and h p the yield stress and plastic viscosity of the Bingham model. These laws will, at best, describe the behaviour over one or two orders of magnitude of shear rate, and at a minimum we need at least two points to define them. However, we need quite a lot more to fit over a reasonable range, and the spacing should be as wide as possible, i.e. at least a decade. For better fitting, at least one more parameter is needed, and we move for instance to the Herschel-Bulkley and Sisko equations, viz.
These equations are far more versatile, but more points are needed to fit the parameters, and they need should be spread over a few decade or more of shear rate. Of course to cover the complete range of typical shear-thinning behaviour we need to use equations of the Cross or Carreau type, with four parameters or more, see [10] . The number of points needed to fit the parameters to such equations will be large, and will depend of course on the exact nature of the fit.
For our purposes here, we shall only be considering the power-law equation, since as we will see, we can assume that the model fits over a small range around our conditions of interest, and if we redefine these conditions, we can use the local value of power law index, n. This value of n changes only very slowly over the complete range of shear rates, and typically only by 0.1 over a complete decade of shear rate, so that the local gradient of n changing with is not often more than say 0.003. Thus corrections containing this parameter are usually negligible. The end result is that we can use pairs of speed and couple, and use the local logarithmic gradient of these values to determine the n value to produce corrected values of stress and shear rate.
QUALITY-CONTROL VISCOMETRY
The purpose of viscosity measurement in factories is quite different from those made in research and development departments. Factories are only interested in knowing if they have produced today's product within a specified range, which range has been determined earlier -when the product was researched and developed -based (hopefully) on a knowledge of the complete flow curve. In principle, this can be a dangerous practice, because knowing the viscosity at one point does not determine its flow curve at much higher or much lower shear rates, and so it could be that the 'mid-range' viscosity could be correct, but the stability-controlling viscosity could be quite different in both cases. While this is possible in principle, in practice, for the typical kind of liquids that we are dealing with, the normal day-to-day variations of viscosity due to batch-to-batch variations of the raw materials vary systematically for all shear rates, so that a typical family of curves is found.
As we have seen, the problem that arises from the use of dip-in type viscometers of the Brookfield kind is that the shear rate is not the same everywhere in the measured sample. This can be ensured by the use of closely-fitting concentric cylinders, or small-angle cone and plate (see [10] for details). However, for most practical cases, either wide-gap concentric-cylinder geometries or dip-in geometries are used. A good reason to use a concentric cylinder system is that the outer cylinder will usually fit into a heating jacket, which is usually connected to a water circulator. This then ensures that the liquid sample in the viscometer reaches the desired temperature as quickly as possible. Large beakers of sample, even though easy to handle, make it difficult to ensure good temperature control, see Fig. 6 .
Narrow-gap concentric cylinder
Dip-in Figure 6 : The dip-in and narrow-gap, concentric-cylinder geometries.
IS THE POWER-LAW MODEL REALISTIC FOR MOST NON-NEWTONIAN LIQUIDS?
For the sake of simplicity, in our theoretical deliberations, we will assume that the liquid obeys a simple power-law relationship between viscosity, h, and shear rate, g · , such that h = k g · n-1 where k is called the consistency and n is the power-law index. For Newtonian liquids, k is simply the viscosity and n has the value of 1. For non-Newtonian liquids, n is usually less than 1 and can be as small as 0.1, but often is around 0.5. The shear rates encountered in typical Brookfield cylinder measurements are not large, and then it is far more likely that the power-law relationship will hold reasonably well. For instance, the typical rotation rate used is around 10 rpm, or 10 x 2p/60 in units of rad/s which comes to a value near 1. The shear rate for a spindle in a large container is given by 2w/n, which gives us around 2/n as a typical shear rate of between 2 and 10 s -1 for liquids that range from Newtonian (n = 1) to very non-Newtonian (n £ 0.2). This shear rate range is quite low and thus ensures that the power-law relationship used to derive the relationships stated is quite reasonable.
The implications of the above arguments are interesting. There are criterion that determine when we can say that the narrow gap theory is appropriate and likewise there are other criteria that tell us when an infinite expanse theory is appropriate. For the former we need no intermediate calculations, and obtain the viscosity directly. Otherwise for an infinite expanse theory, we need to obtain the value of n (= dlog C/dlog N) at the particular values of the rotation rate N (in rpm). These are not always followed and we are in the intermediate situation where the calculations are a little more complicated. In the appendix, a simple arithmetic means of calculating an approximate value of the power-law index for Brookfield results is given.
NON-NEWTONIAN CORRECTIONS FOR VIS-COMETERS USING THE POWER-LAW MODEL
Whilst viscometer manufacturers take account of the fact that they need a special theory to handle large gaps in their concentric-cylinder geometries, they only supply corrections based on Newtonian liquid theory. This can lead to real problems when this limited theory is applied to non-Newtonian liquids.
It is not difficult to show that the ratio between the real shear rate and the assumed Newtonian shear rate and the correct values for a power-law -as defined in the liquid at the rotating cylinder -at any rotation speed of a concentric-cylinder viscometer is given by [5] (1)
This relationship is shown graphically in Fig. 7 for values of gap ratio b down to 0.6, and power-law index n down to 0.2, together with the relationship derived from the much simpler empirical formula, c = 1 + 1.2(1 -b)(1/n -1).
Tab. 2 shows the viscosity correction factors predicted by our simple equation for a range of possible values of b and n: this is in fact 1/c. For instance, if we have b = 0.7 and n = 0.6, then the indicated viscosity would have to be multiplied by 0.818 to give the correct answer.
The kind of variations found in practice when realistic gaps are used makes it possible that even when the same make of viscometer is used, different values of indicted viscosity can be quoted, even when the same apparent shear rate is used. For instance, if a wide gap is used of say with b = 0.7, then this will give an indicted viscosity 0.862/0.653, i.e. 1.32 times bigger than when compared with the same liquid with n' = 0.4 being measured using a gap of 0.9. This could take the indicated viscosity outside the specifi- cation for the product. To our knowledge this has happened at least once using the same model Haake viscometer with different geometries! The values of b for the old Haake geometries still used by many people are given in Tab. 3. The Brookfield explanatory booklet 'More solutions to sticky problems' states that the outer radius should note exceed twice the inner radius to be sure of 'well-defined shear rates', see p.19. This is clearly incorrect! Of course, if we have to cope with large gaps and make corrections to obtain the narrow-gap correct value, this calls into question whether then it is worth using the outer cylinder and should one revert to the easier dip-in arrangement, with an effective infinite gap! From what we have seen, this has to be thoroughly debated. Larger gaps are used to bring the scale reading into an optimal range, i.e. 50%; to obtain a desired shear rate, or else to accommodate large suspended particles. As we have seen, the implications must be studied carefully.
WHEN IS NARROW-GAP THEORY APPROPRIATE FOR CONCENTRIC CYLIN-DERS?
Haake calculations are usually made on the basis that the shear rate is independent of the degree of non-Newtonian behaviour, i.e. independent of n. This is only true when the gap between the cylinders is very small, i.e. b~ 1; this is rarely true. Figure 8 shows the critical value of the gap ratio b where we can still assume that the shear rate in the gap is constant to within 5%, and given by the simple narrow gap approximation of w /(1/b -1) for various values on n. This shows us that even for a Newtonian liquid, we can only have a 3% gap, but as the liquid being measured is more non-Newtonian, so the condition becomes more stringent, and becomes a 2% gap for n = 0.5 and 1% for n = 0.2! This means that it is probably easier to use an infinite gap and then correct the results with the value of n, see below.
SHEAR RATES WITH WIDE/INFINITE GAPS
For a long rotating cylinder in a vast expanse of power-law liquid, the shear rate at the outer rotating cylinder is given by [5] (2) and then the viscosity is given by (3) where w is the rotation rate of the inner cylinder, C is the couple on the inner cylinder, and r is the radius of the inner cylinder of length L (See Rosen's application of this equation to the Brookfield viscometer using the LV1 spindle [11] ).
It is quite important for us to know when a wide-gap geometry can be considered an infinite expanse and we can use the simple relationships set out above so that the shear rate in the liquid at the rotating cylinder is then no longer dependent on b, but is simply given by 2w /n. (This of course is the opposite of the situation with a very small gaps, where the shear rate is dependent on b but independent of n). Fig. 9 shows the shear rate in the liquid at the edge of the rotating cylinder as a function of the size of the liquid container for various power-law liquids. The parameter (1 -b) plotted as the abscissa is in fact the difference between the container and rotating-cylinder diameters divided by the container diameter. It is obvious that a Newtonian liquid needs a bigger container than a very non-Newtonian liquid so that the measurement is insensitive to the container size. In fact, we can obtain precise val- ues for the critical value of the cylinder to container diameters to be sure that we are within 5% of the shear rate being independent of the container size, see Fig. 10 . We see that the critical values decrease from 4.5 for a Newtonian liquid to ~ 2 for a moderately non-Newtonian liquid with an n of 0.5 down to 1.5 for an n of 0.3. For values of b smaller than these values, the full correction should be used, or at least the simplification stated above, see Fig. 10 .
In practical terms this means that when using a typical Brookfield dip-in viscometer with a the typical 600ml beaker -low-form beaker dimensions are, diameter 85mm height 100 mm -the same size beaker can be safely used for most size spindles when dealing with very non-Newtonian liquids, without any fear of wall effects due to the beaker walls, even for the largest disc spindle.
CONVERTING BROOKFIELD DATA TO PROPER FLOW CURVES
Both Mitschka [12] and Williams [13, 14] have carries out numerical analysis of the various Brookfield geometry flows, and have come up with sets of data. Mitschka dealt only with the RV disc geometries, but Williams covered the disc and cylinder geometries, the LV spindles. They both produced formulae of the type (4) where s is the average stress, G is a factor with dimensions of Pascals that depends on the geometry. The stress scale reading T is in the range 0 -100 units. The values given by Mitschka and Williams for G are shown in Tab. 4. Williams also tabulated values of G for the LV spindles, as shown in Tab. 5. The corresponding average shear rate, g · , is given by (5) where g(n) is a dimensionless factor depending on the geometry and the power-law index n, and N is the rotation speed in rpm. The values of g(n) computed by Mitschka are shown in Tab. 6 as a function of the spindle and the power-law index n. Note that the values are tabulated in increments of n of 0.1. Williams carried out a similar numerical analysis, and he reduced his data to the formula (6) This reproduced Mitschka's numerical results to well within a few percent, and this formula has the g n a bn cn n The closeness of these numbers must be considered a small triumph for theoretical rheology! In the same way using Willaims's data we can produce the LV equivalent, which is 0.060, 0.303, 1.212 and 5.996 respectively, while the Brookfield ideal is 0.06, 0.3, 1.2, and 6 respectively.
SIMPLIFICATION OF THE FORMULAS
For a limited range of n, say from 1 down to 0.3, we can simplify g(n) to (7) Then the more appropriate values of a and b are given in Tab. 9 and the relationship is shown in Fig. 11 . The values of a + b, i.e. when n = 1, are in quite reasonable agreement with the previous values as shown in Tab. 9. As far as the stress is concerned, the simple empirical formula s = 1.2 x 10 (m-5)/3 T (where m is the spindle number) gives a reasonable fit to Williams's data for the RV series from spindles 2 -6, i.e. the discs. For the LV spindles we can write a similar equation s = 1.2 x 10 (m-3)/1.5 T (Fig. 12) . Briggs and Steffe [15] produced their simplification of the Mitschka approach by lumping all g(n) values for spindles 2 -6 which represent the disc-like shapes, into the equation (8) thus producing one average curve (Fig. 13) . This was quite useful, and produced reasonable results for a number of liquid foods. If we carried out a similar averaging over spindles 2 -6 for the linear equation, then we would end up with a = 0.167 and b = 0.0961, or to a very good approximation, for values of n from 1 down to 0.25, (Fig. 14) . This means that if efforts are made to correct the data using a factor of the kind discussed here, then the simpler expressions are more attractive in a factory environment.
CONSEQUENCES OF NOT CARRYING OUT PROPER MEASUREMENTS OR CALCULATIONS
If narrow-gap approximations are used when in reality gaps are large, then obviously errors will arise in quoted viscosities. Does it matter? The errors have been stated, but they depend -for any given geometry -only on n. But for a typical liquid product, does n vary significantly, enough at least to radically alter the results assuming that they are consistently wrong by a given factor, and the factory is only interested in knowing if the product is within specification, which was originally set using the geometry! Similarly, if say a rotating cylinder geometry is used in a large container, but no corrective calculation is carried out using the local n value, then what is the effect? First we are able to say that even for a relatively wide-gap concentriccylinder geometry, the variation of the local power-law index is small, see Fig. 15 . Second, we are able to say that for the Brookfield-type dip-in cylindrical geometry, say the LV -the cylinderedge shear rate is usually quite low -typically from 1 -10 s -1 -so that it is just about in the powerlaw region for most structured liquids (Fig. 15) and that as one moves away from the rotating cylinder, the sheared liquid is even more powerlaw in behaviour. These facts simplify things considerably, making it possible in both cases to use the local value of the power-law index.
One redeeming features of most liquids of the same kind -such as those resulting from the normal day-to-day variations found in a given product -is that they vary in viscosity such that the values of k and n in the power-law are simply related. This is such that as k goes up, n goes down. That is the thicker the liquid, the more non-Newtonian it becomes (Fig. 16) . A typical example is shown in Fig.  17 , reproduced from some very early work of Barnes [16] : it shows the values of k and n for 45 different commercial fabric conditioners.
This family of products behave such that the value of k and n measured around unit shear rate are within a small distance from an average line. This means that the viscosities will increase or decrease at all shear rates following the viscosity measured at any other one shear rate, and thus to take a single-value viscosity, even though consistently in error will not lead to disasters at other shear rates where viscosity might be important. This phenomena -k and n systematically related -was known long ago and used to be called the Nedonchelle-Schutz effect by George Scott Blair in the hearing of the author.
DIP-IN DISC GEOMETRY
In the most common operation of the Brookfield viscometer, the results are quoted as the equivalent Newtonian viscosity (ENV) at a referred to speed for a given disc, with the better references also mentioning the test temperature. Reciprocal of power-law index
Value of g(n) the implications of this for measuring non-Newtonian liquids? If for instance we measure a power-law liquid with an n of 0.5 using an RV3 spindle, the scale reading will indicate the correct average shear stress, but the Newtonian shear rate based on the rotation speed and the normal instrument constants (i.e. Newtonian) will actually be higher than the real average. Hence, as above for the concentric-cylinder situation, the supposed viscosity will be too high. In this case, we cite Williams' equation (Eq. 6) and knowing that for the RV3 spindle, then a, b, c, are given by 0.1234, 0.2576 and -0.1129 respectively, with the sum (a + b + c), i.e. the Newtonian situation, being 0.2681. Then the actual average shear rate would be given by 0.448N, but the supposed shear rate would be the lower value of 0.2681N. The real viscosity would then be greater by a factor of 0.448/0.2681 or 1.67, or two-thirds higher. The ratio of real to supposed shear rates varies little with spindle number, the viscosity correction factor ratio, V c , will be similar for the typical disc spindles 2 -6. Fig. 18 shows this function, which is very close to the simple function V c = n -0.75 , cp. Briggs and Steffe's [15] approximation cited above. Similar corrections for other spindles and values of power-law index can be worked out from the Williams formula. As stated above, the implications of this are not always that dramatic, since the viscosity is itself a function of n for most liquids in day to day production variations.
CONCLUSIONS
We have discussed the implications of test liquids being non-Newtonian in the case of the dipin and concentric-cylinder viscometers often used in factories. We can conclude that if no corrections are made, then either with rotating discs of the Brookfield RV type or the Haake wide-gap concentric-cylinder geometries (b < 0.8), then gross errors will be made if the equivalent Newtonian liquid viscosity is taken as the viscosity. The implications of these errors can be considerable if comparisons are made between different systems, but if comparisons are only made with typical day-to-day variations of the same product, then because of the nature of typical variations, no real problems are encountered in a quality-control situation.
In terms of the constraints on the narrowgap or infinite-sea criteria, the more non-Newtonian the liquid, the narrower the gap needs to be (see Fig. 8 ), but similarly, the container does not need to be so big to ensure an infinite-sea situation (see Fig. 10 ).
As far as measuring the ENV and specifying at a given rotation speed is concerned, we have seen that for normal day-to-day product variation, there is no real problem. Effectively, we can visualise the result in Fig. 19 , where we show schematically that although there will be two different sets of curves arising from the real and supposed viscosity/shear-rate curves, there is still a one-to-one relationship between them. Hence no problem arises in quality control situations using a single spindle speed. Obviously, greater discrimination between products of this kind is achieved by using as low a speed as possible, where the viscosity diverge more. . Figure 17 (left above): Consistency and power-law index relationship for 45 different European fabric conditioners [16] . 
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APPENDIX: CALCULATING AN APPROXI-MATE VALUE OF N USING BROOKFIELD DATA
Typical Brookfield users would not be familiar with ways the logarithmic manipulations necessary to find the value of n. A simple way of obtaining an approximate value of n just using simple arithmetic is now shown.
Expressed in terms of speeds, N, and scale readings T, this be written as 
